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ABSTRACT

This memorandum deals with some extensions to
Goldman's hydroelastic model for a ligquid propellant con-=
tained in an elliptical tank. These extensions were
specifically required to make the model suitable for use
in a vibration study of the Saturn S-IVB stage.

The extended model can handle configurations
where the propellant level is above (or below) the lower
bulkhead. Also the location of the boundary points
(mass points) can be chosen by the user. This greatly
simplifies the calculation of the stiffness matrix of the
propellant tank.

A computer program, ETANK2, for computing the
liquid mass matrix corresponding to this extended model
is described and a sample problem is solved using this

program.
(NASR-CR-123224)
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INTRODUCTION

In the longitudinal vibration analysis of ligquid
fueled rockets a hydroelastic model is used to give an
accurate representation of the liquid propellant.

A hydroelastic model was developed in [l1] for the
case of a liquid propellant contained in an elliptical tank.
For use in an S-IVB longitudinal vibration study the model
was generalized to handle:

(a) liquid levels greater than half full and

(b) variable boundary point (mass point) locations.
The second extension is valuable as it greatly simplifies
the stiffness calculation for the propellant tank and,
therefore, for the total vehicle.

These extensions and a computer program (ETANK2),

written to compute the liquid mass matrix corresponding to
this extended model, are described in this memorandum. A

sample problem is solved illustrating the use of the program.

THEORETICAL BACKGROUND

Following a development similar to that given in
[1] or [2] it can be shown that the liquid mass matrix, M,
has the form

M= 2R3, (G0 + @T1 . (1)




Here R is the maximum tank radius (in a plane_parallel to the
free surface), o is the liquid mass density, G is a surface
integration matrix and Q is a matrix relating the liquid
velocity potential (¢) to the normal velocity (v) at the N
boundary points, i.e.,

N
i3V4 (i =1,N) . (2)
i=1

The matrix G consists of two parts; a matrix El

which is the surface integration matrix for the lower bulk-

head and a matrix G2 which is the corresponding matrix for

the wetted area of the upper bulkhead. The calculation of
Gl or G2 is parallel to that given in [1] for G, and will not

be discussed here.

The matrix Q is obtained through a finite difference
solution of Laplace's equation. 1In [1] this was carried out
using a uniform mesh for the finite difference grid. Conse-
guently the layout of the boundary points (which are determined
by the intersection of the grid lines with the tank well) is
fixed. 1In practice this layout is not always convenient for
vibration analysis. For instance it may happen that two of
the points are relatively close together. This can lead to
ill-conditioning of the tank stiffness matrix. Furthermore,
every time the liquid level is changed the boundary point
locations change and a new stiffness matrix must be computed.
In the program ETANK2. these problems are overcome by using
a non-uniform mesh for the finite difference grid. The
details of how Q is calculated using this type of grid are
given in [3].

CAPABILITY OF PROGRAM

The program, ETANK2., is designed to compute the
mass matrix for a liquid contained in an elliptical tank of
the type shown in Figure 1. The tank consists, in general,
of two unequal partial ellipsoids with centers at Ol and 02.
The liquid is assumed to be incompressible with a free sur-
face anywhere between the top and bottom of the tank. The
boundary point locations can be chosen arbitrarily except

when the free surface is in the upper bulkhead. Then boundary
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points must be assigned on the wetted surface of the upper
bulkhead, which are vertically above corresponding points

on the lower bulkhead. No boundary point is required at the
free surface and the free surface need not intersect the
upper bulkhead on a grid line.

PROGRAM DESCRIPTION

A flow chart showing the main steps in the computation
is shown in Appendix A. Here the variables i and z are the
normalized values of r and z for the chosen boundary points;

a and B are the horizontal and vertical mesh distances for the
finite difference grid.

In order to conserve computer storage and reduce
running time a "Block Gaussian" elimination scheme [3] has
been used in the computation of the Q matrix. In this scheme
the Q matrix is obtained by inverting a series of matrices
whose maximum dimension does not exceed the dimension of Q
itself. (In general one has to invert a matrix dimension
equal to the total number of grid points to obtain Q.) The
programming details for this reduction differ slightly
depending upon whether the liquid free surface is in the
lower or upper bulkhead. The details for the former are
given in Appendix B.

INPUT FORMAT

The input to the program is in the NAMELIST format
as follows:

$INPUT
Al = Semi-major axis of lower ellipsoid,
Bl = Semi-minor axis of lower ellipsoid,
A2 = Semi-major axis of upper ellipsoid,
B2 = Semi-minor axis of upper ellipsoid,

z02 = Distance of origin 02 below 01,

N = Total number of boundary points plus one for
the free surface,



NA = Number of boundary points on the lower ellipsoid
(plus one if the free surface is in the lower
ellipsoid),

ZEE = Single order array, of dimension N, of boundary
point locations below the origin Ol. (These
must be listed starting with bottom most

value and proceeding arocund the tank periphary
to the free surface valus),
WL = Density of liquid.

$END.

A sample problem illustrating the use of the program
is shown in Appeadix C.
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FLOW CHART

START

READ INPUT DATA

COMPUTE NORMALIZED
VARIABLES A & 2

i

COMPUTE «'s, 3's FOR
FIMITE DIFFERENCE GRID,
AND ANGLES OF NORMAL

Y

PRINT «, 3, A & ANGLES

COMPUTE G FOR LOWER
HALF OF TANK

LIQUID LEVEL
ABOVE LOWER
BULKHEAD?

NO

COMPUTE G FOR UPPER
HALF OF TANK

i

ASSEMBLE TOTAL G MATRIX

i

PRINT G MATRIX

APPENDIX-A

10

n

12

13

14

15

16

17

18

19

20

!

COMPUTE 7v's, §'s, ¢'s & d's FOR USE
IN Q MATRIX COMPUTATION

LIQUID LEVEL
ABOVE LOWER
BULKHEAD?

COMPUTE Q BY BLOCK GAUSSIAN
ELIMINATION (SEE APPENDIX B)

COMPUTE Q BY BLOCK GAUSSIAN
ELIMINATION (LIQUID LEVEL
ABOVE LOWER BULKHEAD}

i

PRINT Q MATRIX

Y

COMPUTE NORMAL LiQUID
MASS MATRIX

PRINT NORMAL MASS MATRIX

i

COMPUTE TRANFORMATION FROM
NORMAL TO Z & R COORDINATES

COMPUTE Z & R LIQUID MASS
MATRIX

i

PRINT Z & R MASS MATRIX

\

MAKE TOTAL MASS CHECK

END




APPENDIX B

BLOCK GAUSSIAN ELIMINATION SCHEME

(Case of Liquid Free Surface in Lower Bulkhead)

The main step in this process is to compute

X = A - B X
k+1 = Tk+1 k+1 Tk

where Ak+l is a (k+1) x (k+1) diagonal matrix, and Bk’ Ck
are bi-diagonal matrices defined by the vectors y, §, b, ¢
(see Reference [3]). Using one temporary array (tij), of

size at least (N-1) x (N-1), the reduction is programmed as
follows:

-1

_ (2 1 _ .-l
Set tll = ('—7 + "B—B—) = Al
o 172
1
For k=1, 2, ..., N=2
7~ L
tj,k+l = tik ck i=1, 2, ...,k
’b—l j=k, k-l, « ooy
Pt S § Yy T RiL,9-1 S50t Yy Ykeg4 o)L L
=1, 2, . ey
Ltil = thij i=1,2, ...,k

If k = N-2, go to final reduction




- B2 -

-

- bk+ltkj I j = l, 2’ . o e 7 k+l

trtl, 5

]
o
o=
1
[
[\8)

]

B, . (X71c,) b, t + 8 *
ka1l B C) € iy = bty k-i+1%13 ;=

r
£ = 5+ Tt
o’ k+1°Kk+2 11
_ v—=1 _ 1 1 .

\tij = —tij, i$49,1i,3 =1, 2, ..., k+1

Replace T by T_l, increase k.

Final Reduction
(r = X1 ¢ ted ab
= Ay ,Cy., computed a ove)

2 cosf

= - ____E:l 1 = -
tN_l,j aN-Z tN_2,j 14 ] - l, 2, LRI N l
BN 1(21;11 c ) e - cosQi . ) s1n§2i . (1 = N-2, N-3,..,2
—2 N—2 l,] ai_l l_ll] BN_l lj j = l, 2,..’N—1
.=t t . ,3=1,2, ..., n-1




- B3 =

rtu:'s;__I‘tll
Im\&}l ﬁ tyy = ZOSQi + :ingi -t o 1i=2,3, ..., N-1
i-1 N-1
ktij = _tij’ i+3j,4i,3=1,2, ..., N-1
Replace T by T—l. Then Q = (qij) where
d = , 1,3 =1, 2, ., N-1



APPENDIX C

SAMPLE PROBLEM

The configuration for this problem is shown in
Figure 1. The dimensions of the tank correspond to that
of the S-IVB liguid oxygen tank. The propellant is liquid
oxygen and the free surface is 20 inches above 01 (i.e.,
ZEF (N) = -20.). The number of mass points is 1l which leads
to 21 degrees of freedom for the Z&R mass matrix.

The computer print out is shown on the following
pages, note that for the 2&R mass matrix the ordering of
the degrees of freedom is: 21, Rl, 22, R2, 23, R3... 210,
R10, Z211.

The term CMASS = 493.861 1lhf in/nacz is the total
mass of the liquid found from the ZiR mass matrix. This can
be used as a check on the accuracy of the computed mass matrix,
For the configuration considered here the theoretical mass,

TMASS = 0—'-92g-wl {2(88.75)2(390-88.75) - (27.5)2(390-27.5))

= 496.348 1bf in/sec®

Hence the computed mass is 0.6% low.
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